Aim Geographic variation in body size and heterozygosity were surveyed for discrete populations of the ant lion, Myrmeleon immaculatus DeGeer, collected from the central and northeastern United States.
INTRODUCTION
. However, width and pigmentation patterns (Stange, 1980) . Larvae live up to 2 years, construct silk cocoons, and emerge as adults these patterns are difficult to interpret because species may not be statistically independent of one another (Felsenstein, 1985) , after approximately 1 month (Furunishi & Masaki, 1981 . Adults are weak fliers and live for approximately 1 month and there may be confounding influences of speciation history (Taylor & Gotelli, 1994) and geographical range size (Brown, (Arnett, unpub. data) . 1995). Masaki's (1967 Masaki's ( , 1978 detailed studies of intraspecific variation in cricket body size document the opposite Larval body size pattern-body size was greatest at low latitudes and at low elevations. Traits often vary in the same way with increasing
To address the question of latitudinal variation in body size, we collected 872 M. immaculatus larvae from thirty-four collecting latitude and increasing elevation, presumably because of similar climatic trends (Rosenzweig, 1995) .
sites ranging from Oklahoma to New York. We began collecting in Oklahoma in mid-June, 1994, and spent 1-2 days at each Hypotheses to account for Bergmann's rule include character displacement (McNab, 1971) , clines in prey body size (McNab, site. We visited sheltered sites with dry soil (overhangs, cliff ledges, old barns) that were likely to support ant lion 1971; Forsman, 1991) , starvation resistance (Kondoh, 1977; Lindstedt & Boyce, 1985) , seasonality (Murphy, 1985) , populations (Gotelli, 1993) . At each site, we randomly sampled ant lion pits and collected between fifteen and fifty-two larvae voltinism (Roff, 1992; Bradford & Roff, 1995) , and genotypic and phenotypic responses to temperature, humidity, and in total. Depending on the density and patchiness of the population, we collected specimens by walking a path of photoperiod (Masaki, 1967; Schoener & Janzen, 1968; James, 1970; Furunishi & Masaki, 1983; Levinton & Monahan, 1983;  0.1 to 1.0 km. Larvae were preserved in 95% ETOH for morphological analysis. For each preserved larva, we measured Conover & Present, 1990) . Characteristics of populations, such as density and habitat patchiness, may also influence clines in maximum head width, a common indicator of body size in insects (Lutz, 1974; Hawking & New, 1996) , with a micrometer body size (Iba, Nagao & Urano, 1995; Brunkow & Collins, 1996; Hutchings, 1996) .
to the nearest 0.01 mm. Finally, Bergmann's rule may arise through life history correlates of adult mortality (Stearns & Koella, 1986; Roff, Adult body size 1992) and egg size (Berven, 1982) . Genetic variation has been correlated with variation in life history traits (Ledig, Guries & Does adult body size vary with latitude? To address this question, we measured body size of eighty-five preserved adult Bonefield, 1983; Mitton & Grant, 1984; Koehn, Diehl & Scott, 1988; Strauss, 1991) , and may be necessary for individuals to M. immaculatus obtained from museum collections (University of Kansas, University of Georgia, Academy of Natural Sciences survive heterogeneous environments at high latitudes (Hedrick, Ginevan & Ewing, 1976; Liu, Soong & Chen, 1995) .
in Philadelphia, Illinois Natural History Survey, Florida Department of Agriculture, and the Museum of Comparative To distinguish among these mechanisms, it is necessary to first describe the broad climatic, as opposed to strictly geographic, Zoology at Harvard). The geographic extent of these collections was from Michigan and New Hampshire in the north to correlates of body size (Power, 1969) . In addition, it is necessary to understand the genetic structure of populations, and the Oklahoma and Florida in the south. The specimens were originally collected by a variety of researchers between 1877 extent to which local populations are genetically distinct from one another (James, 1982; Graves, 1991) . and 1938. Species identifications were confirmed by the criteria in Banks (1927) . Sexes were determined by the presence of In this paper, we document a pattern of increasing body size and increasing heterozygosity with latitude in the ant lion, oviposition setae on females and the pilula axillaris at the base of the hind wing on males (Stange, 1980) . For each museum Myrmeleon immaculatus DeGeer (Neuroptera: Myrmeleontidae). Our results suggest that heterozygosity and specimen, the length of the front wings was measured with calipers to the 0.1 mm. We also measured distance between the body size can be predicted on the basis of climate and annual climatic variance, and that local populations are genetically eyes, a common indicator of insect body size (Hogue & Hawkins, 1991) . Inter-eye distance was measured to the distinct from one another. Because body size also decreases with elevation, our results implicate the importance of 0.01 mm with a micrometer. photoperiod as a mechanism generating geographic clines in insect body size.
Population density and patchiness
In order to account for potential differences in local population METHODS density and habitat patchiness on body size and heterozygosity, we returned to ten of our collection sites in 1995. At each site, Ant lion life history four occupied larval pits were randomly chosen. We measured the first four nearest-neighbour distances for each of these pits. Myrmeleon immaculatus is commonly found in large populations throughout the southern and eastern Unites States
The average of the first nearest-neighbour distance (N=4) was used as surrogate for population density. (Wheeler, 1930) . The larvae are sit-and-wait predators that dig pits for prey capture. They live in sandy, sheltered habitat and Next, we plotted the average nearest-neighbour distance as a function of neighbour number (1, 2, 3, 4) . We used the slope occur in discrete populations. M. immaculatus has three larval instars, which are distinguished on the basis of head-capsule of this regression as a measure of population patchiness. We reasoned that if individuals were distributed homogenously in a population, the slope of this line would be relatively shallow. If individuals were clumped in space, the slope would be much steeper (see also Lewontin & Levins, 1989) .
Climatic and geographic variables
To examine correlations of body size, heterozygosity, and climate, we obtained maximum and minimum temperature (°C) and precipitation (mm) from the National Climatic Data Center (1992) . Each variable represents a 30-year average of annual means 97°05′ W. Elevation (m) was measured with USGS topographic maps, and ranged from 0 to 457.3 m above sea level.
Fig. 1). Between 36 and 40°N latitude (Virginia through New
Jersey) we found no populations with enough third-instar Allozyme survey larvae for inclusion in analyses ( Fig. 1 ). Body size measurements Protein electrophoresis was used to measure genetic of adults and larvae were natural log-transformed prior to differentiation among M. immaculatus populations. During the analysis. Relationships among body size, observed summer of 1994, we collected a minimum of thirty thirdheterozygosity, five climatic variables, three geographic instar larvae from each of seventeen collecting sites for genetic variables, and density and patchiness were analysed with simple analyses. These larvae were mailed overnight in individual correlations. Stepwise forward multiple regression was also cryotubes to the University of Vermont, Burlington, where performed using all variables, except density and patchiness, they were stored at −80°C. To ensure that we collected M.
due to differences in sample size. For multiple regression immaculatus, larvae were identified to species using the key of analyses, we used P<0.25 to enter variables into the model, Lucas & Stange (1981) .
and P<0.05 to retain them. For each dependent variable (larval To create extractions, we homogenized frozen larvae in body size, adult body size, heterozygosity), we conducted chilled, distilled water. This homogenate was analysed using two regression analyses: (1) using the five climatic variables standard starch-gel electrophoretic techniques (May, 1991) .
(maximum and minimum temperature, precipitation, and Initially we surveyed twenty-four enzymes known to be maximum and minimum temperature variance) as predictors; polymorphic in related insect species (B. May, pers. comm.). and (2) using the three geographic variables (latitude, longitude, Eight of these enzymes were polymorphic. Three of them and elevation) as predictors. resolved poorly: ME (malic enzyme), G 3 P (glycerol-3-phosphate dehydrogenase), and MPI (mannose phosphate isomerase). The Genetic analysis remaining five enzymes were used in the final analyses: GPI (glucose phosphate isomerase), MDH (malate dehydrogenase),
We calculated observed and expected heterozygosity for all five PEP (peptidase), DIA (diaphorase) and SOD (superoxide polymorphic loci for each population, then calculated average dismutase). A citrate-morpholine buffer was used for GPI, heterozygosity of all the populations (Hartl & Clark, 1989) . MDH and DIA (May, 1991) , and a boric acid-lithium hydroxide
We used Nei's genetic distance (Nei, 1972) as a measure of buffer was used for SOD and PEP (May, 1991) . Electrophoresis genetic distance between all possible pairs of populations. We was conducted in 12% starch gels. Staining procedures followed used a Monte Carlo simulation of the Mantel test (Schnell, those in May (1991) . Loci nomenclature followed the protocols Watt & Douglas, 1985) to evaluate the correlation between suggested by Shaklee et al. (1990) .
genetic distance and geographic distance. Wright's F-statistics were calculated as measures of population differentiation: F is (inbreeding of an individual relative to a subpopulation); F it (inbreeding of an individual relative to the entire population); Statistical analysis and F st (inbreeding of a subpopulation relative to the entire population). Heterozygosity, Wright's F st , and Nei's genetic Larval body size analyses were restricted to those sites for which five or more third-instar larvae were collected (N=22; distances were calculated using the computer program Genes was a negative correlation between female body size and elevation (Fig. 2d) . The correlation between body size of both (Eng & Paul, 1992) . Gene flow was calculated by Wright's Island Model (Slatkin & Barton, 1989 
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in the analysis, but isolation by distance is not seen for the southern sites alone.
Larval body size
F st analysis revealed significant differentiation among all populations, as well as among populations within regions In a simple correlation analysis, larval body size was positively correlated with latitude and minimum and maximum (Table 4) . Approximately 25% of the total variation in allele frequencies was due to the genetic differences among temperature variance. Body size was negatively correlated with longitude, elevation, precipitation, and maximum annual populations (mean F st =0.254). High F it values (inbreeding of individuals relative to the total) and high F is values (inbreeding temperature. Minimum annual temperature, heterozygosity, and population patchiness and density were not significant of individuals to the subpopulation) both indicate a greater number of homozygous individuals than expected. Genetic predictors of larval body size (Table 1) .
In the best-fitting regression model with geographic variables, differentiation within a region was less than among regions, except for the Georgia populations, which had an F st similar latitude and elevation were the only significant predictors of larval body size ( Table 2) . As in the simple regression models, to the total (Table 4) . Gene flow, estimated from F st values, was less than one migrant per generation among all populations, but varied from 0.74 to 8.4 migrants per generation among populations within a region (Table 4) .
DISCUSSION
We found two consistent geographic patterns in ant lion body size: a weak positive correlation between body size and latitude (Fig. 2a,c) and a strong negative correlation between body size and elevation (Fig. 2b,d ). The latitudinal correlation for adults is weak (both sexes: P=0.10; females only: P=0.32), but the combined probability for the adult and larval pattern is significant (both sexes: Fisher's combined probability value 2 4 =11.8, P=0.02; females only: 2 4 =9.57, P=0.048). The disparity between larvae and adults in the strength of the latitudinal correlation is most likely due to sample size differences, and sampling differences in space and time. This correlation with latitude appears to be the first documented case of Bergmann's rule within a single species of insect. The correlation of body size with elevation is a more common pattern in insects and other poikilotherms (Bizer, 1978; Berven, 1982; Berven & Gill, 1983) .
What accounts for these geographic clines? We can eliminate Georgia coast (Lucas & Stange, 1981 decreasing temperatures. However, this mechanism is unlikely to be a determinant of Bergmann's rule in ectotherms (see Mousseau, 1997 and Partridge & Coyne, 1997) . Other studies on the effects of temperature on cell size of ectotherms have the hypothesis that the patterns are an artifact of our sampling shown a diversity of results, with no consistent increase in cell protocol because the same patterns we described for our samples size at cooler temperatures (Atkinson, 1994) . Moreover, if the of third-instar larvae (Fig. 2a,b) were also seen in museum cell-size hypothesis were correct for ant lions, body size should specimens of adult ant lions (Fig. 2c,d) .
have been positively correlated with elevation ( Fig. 2b,d ). We recognize that our results are caused, in part, by the It is interesting that many of the environmental factors latitudinal 'hole' in our data between 36°and 40°N latitude invoked to explain Bergmann's rule covary with elevation and (Fig. 1) . However, this is not simply a sampling artifact. Instead, latitude, and that many geographic clines in body size show it represents the geographic pattern of population structure.
parallel patterns at high elevations and latitudes (James, 1970 ; We do not have an explanation for the puzzling absence or Masaki, 1978) . In contrast, ant lion body size increases with rarity of ant lion populations in the fifteen sites that we censused latitude, but decreases with elevation. Therefore, we should in the region. We returned to this region in the summer of look for environmental factors that vary with latitude, but not 1997 and again found few third-instar larvae.
Two classic explanations for Bergmann's rule are heat with elevation, as a causal explanation for these patterns. Roff, 1995) and food availability (Boyce, 1978; McNab, 1971) environments (Via, 1985; Kodoh, Ishiguri & Kawano, 1995 in the north (Fig. 3) . We are currently conducting common We thank Bernie May and the Cornell Laboratory of Ecological and Evolutionary Genetics for assistance with the protein electrophoresis assays. The University of Kansas, the University of Georgia, the Academy of Natural Sciences in Philadelphia, One such factor is photoperiod. Insect growth, metamorphosis, development, and body size are often tightly the Illinois Natural History Survey, the Florida Department of Agriculture, and the Museum of Comparative Zoology at controlled by photoperiod (Philogene, 1982; Ruberson, Bush & Kring, 1991; Blanckenhorn & Fairbairn, 1995; Fantinou, Harvard University loaned us adult ant lion specimens. We thank Melinda Bruhn for measuring larval ant lions. The Tsitsipis & Karandinos, 1996) . In ant lions, Furunishi & Masaki (1983) found that photoperiod acts as a cue to slow or increase manuscript benefitted from comments by Alison Brody, Jan body size among adder populations: effects of prey size. J. anim.
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